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ABSTRACT: An analytical theory for the surface-enhanced Raman optical activity 
(SEROA) with the magnetic response of the substrate particle has been presented. We have 
demonstrated that the SEROA signal is proportional to the magnetic polarizability of the 
substrate particle, which can be significantly enhanced due to the existence of the magnetic 
response. At the same time, a large circular intensity difference (CID) for the SEROA can 
also be achieved in the presence of the magnetic response. Taking Si nanoparticles as 
examples, we have found that the CID enhanced by a Si nanoparticle is 10 times larger 
than that of Au. Furthermore, when the molecule is located in the hotspot of a Si dimer, 
CID can be 60 times larger. The phenomena originate from large magnetic fields 
concentrated near the nanoparticle and boosted magnetic dipole emission of the molecule. 
The symmetric breaking of the electric fields caused by the magnetic dipole response of 
the nanoparticle also plays an important role. Our findings provide a new way to tailor the 
Raman optical activity by designing metamaterials with the strong magnetic response.  
 
I.INTRODUCTION 
Chirality plays a crucial role in modern biochemistry and the evolution of life.1 Many 
biologically active molecules are chiral, detection and quantification of chiral enantiomers 
of these biomolecules are of considerable importance. In the past years, many 
spectroscopic techniques have been proposed for the determination of the molecule 
chirality, including electronic circular dichroism (ECD), vibrational circular dichroism 
(VCD), and Raman optical activity spectroscopy (ROA).2-4 Among all these techniques, 
Raman optical activity spectroscopy (ROA) is a powerful method,5 because this technique 
can give the chirality related to the structural information of all parts of the molecule and 
be particularly sensitive to the conformation and dynamics of biological molecules.6,7 For 
example, the ROA has been proved to be useful in characterizing secondary order 
structures of proteins,8 determining the absolute configurations of small chiral molecules,9 
and studying the dynamics of biomolecules.10 
However, the widely use of the ROA technique is hampered by the weakness of signal 
intensities, which is always 3 orders of magnitude smaller than its parent Raman 
intensities.4-11 Usually long measuring times and densely concentrated samples are required 
to guarantee the reliability of the measurement. How to improve the detection efficiency 
with the ROA technique becomes a key problem in recent years. Many studies focused on 
the surface enhanced Raman optical activity (SEROA) based on metal surface plasmon 
resonances.11-30 This is because the Raman scattering from molecules placed near metal 
surfaces can be strongly enhanced, giving rise to surface-enhanced Raman scattering 
(SERS).31 The typical enhancement factor of the SERS is about 710  and can reach 1 41 0  
under favorable conditions.31,32 This large enhancement can be understood to be dominated 
by electromagnetic mechanism (EM) due to resonances of the incident beam with metal 
surface plasmon excitations.  
The first SEROA theory was purposed by Efrima who showed that in addition to 
enhancements caused by large evanescent electric fields at the metal surface, electric field 
gradient also plays a key role in amplifying the ROA signal.21,22 Subsequently, Janesko and 
Scuseria considered the effect of multipole responses of substrates on the SEROA.23 They 
found that electric field gradient contributions might be larger for particles with the 
quadrupolar response. At the same time, the ROA signal is also very sensitive to the 
orientation of the molecule-substrate.28,29 A recent work by Chulhai and Jensen,28 showed 
that, for chiral molecules with fixed orientations respecting with the surface of the 
nanoparticle (NP), the field gradient causes significant change in the SEROA spectrum, 
which prevents the observation of mirror-imagine SEROA in the real experiment. This 
problem may be settled by using systems with random molecule-mental orientations.33 
However, according to the previous theory,25,28,29 the SEROA signals from different 
molecules tend to cancel in an ensemble measurement, and the measured circular intensity 
difference (CID) is supposed to be much smaller than that of the pure molecule.  
Over the past years, it has been long believed that the magnetic component is not 
expected to make a large contribution to the SEROA.11,21,22 Furthermore it is also difficult 
to obtain strong magnetic response at visible and near-infrared frequencies because the 
magnetic susceptibility of all natural materials tails off at microwave frequencies. The 
magnetic response of the NP is often neglected in most developed SEROA theories. 
Nevertheless, recent investigations have shown that the magnetic response at visible 
frequencies can be achieved by designing metamaterials. For example, specially designed 
metallic nanostructures, such as Metal−Insulator−Metal (MIM) dimers,34 plasmonic 
nanorings or nano cups, can exhibit magnetic dipole responses at the optical frequency.35,36 
It is interesting that Si NPs have been proved, both theoretically and experimentally,37,38 to 
possess a strong magnetic dipolar response originating from circular displacement currents 
driven by an incident electric field in the optical frequency.38 Moreover, recent works have 
also shown that the magnetic field plays a pivotal role in the probing of the circular 
dichroism (CD) of chiral molecules.39-41 
   Motivated by above investigations, in this work we discuss the effect of magnetic 
responses on the SEROA. An analytical theory for the SEROA with the magnetic response 
of the substrate particle has been presented. We find that the SEROA signal can be 
significantly enhanced due to the existence of the magnetic response, and a large CID can 
be achieved. Taking Si NPs as model systems, we have demonstrated that CID for the 
SEROA can be enhanced by 10 times for a Si NP compared with the corresponding Au NP, 
and more than 60 times enhancement can be achieved when the molecule is located in the 
hotspots of a Si dimer. The physical origins for these phenomena have been discussed.  
II. ANALYTICAL THEORY OF SEROA BY A NANOPARTICLE WITH THE 
MAGNETIC RESPONSE 
 
Figure 1. Geometry and coordinate of a hybrid system consisting of a chiral molecule and 
nanoparticle (NP). The chiral molecule is put at the origin with electric dipole (   ), 
magnetic dipole (m ) and traceless electric quadrupole (ˆ ). The NP with radius of sR  is 
located in  0 00, 0, rR  with induced electric dipole (
s ) and magnetic dipole ( sm ). 
 
We consider a hybrid system consisting of a chiral molecule and a NP as shown in 
Figure 1, which is excited by circularly polarized plane waves with the angular frequency
0 .The chiral molecule is put at the origin of the coordinate, the spherical NP locates at 
 0 00, 0, rR  with radius sR , which is much smaller than the wavelength of the excitation 
wave. The molecule used here is assumed as a combination of electric dipole ( ), magnetic 
dipole (m  ) and traceless electric quadrupole ( ˆ  ). Within off-resonance condition and 
semi-classical approximation, the corresponding elements for  , m  and ˆ  are given by  
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in the Cartesian coordinate.2-5 The subscripts a  , b   and c   represent the coordinate 
components x  , y  or z , respectively. Einstein summation convention and MKS system 
of units are employed throughout the article. Here IbE  and 
I
bB  are the total electric and 
magnetic fields at the position of the molecule. The ab , ( )ab baG

 
and ( ), ( )a b bc cbA
  represent 
elements of dynamic molecular response tensors, which can be calculated by using time-
dependent perturbation theory and Placzek approximation.42 For concision, response 
tensors are written here instead of their derivations with respect to normal coordinates. 
Here we presume that the radius sR  of the NP is not extremely small ( sR >5nm), so that 
higher order terms, like the electric quadrupole−quadrupole contribution, can be safely 
neglected.28 The subwavelength NP can be modeled as a point, then, the isotropic and 
frequency-dependent electric and magnetic responses are expressed as 
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electric and magnetic polarizabilities,   and 0  are the relative and vacuum permittivity, 
respectively, and k  is the wave vector in the medium. The 
( )
1
ET  and (M)1T  are elements 
of the Mie scattering matrix of the spherical particle, which have been given in ref 43. This 
is in contrast to previous theories, where only electric dipole and electric quadrupole 
responses are taken into account.21,23,24,25,28 The EM fields at the position of the molecule 
are strongly mediated by these responses of the NP, which can be written as: 
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where i
aE  and 
i
aB  represent components of electric and magnetic fields of the incident 
wave at the origin, c  is the velocity of light in vacuum, n  is the refraction index of the 
embedded medium,   is the relative permeability in the medium, and 
( ) 0 ( ) 0/a b a bn nR r . 
The induced electric and magnetic dipole moments on the NP can be calculated with
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where k  is the wave vector of the incidental plane wave. The last three terms in eqs 6 
and 7 are the scattering fields of the NP. Expressions of  1 0C  ,  2 0C   and  1 0D   
are given by  
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It’s worth to note that, different from previous works,21-25,28 which are based on quasi-static 
approximation and fields proportion to 1 30/ r   are only considered, the electric and 
magnetic fields are written in all wave zones including the near-field, intermediate, and far-
field regions.44 Later we will see the electric field in the intermediate zone plays a crucial 
role in enhancing the ROA signal.  
The radiation field at the Raman shifted frequency p , originated from the multipole 
excitation of the molecule, can induce dipole responses on the spherical NP according to 
eqs 4 and 5. Thus, the total multipoles of the molecule-NP hybrid system are given by   
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where abc   is the Levi-Civita tensor, ab  is the Kronecker delta function. Here the 
expansions of multipoles in eqs 11-13 have been realized with respect to the position of the 
molecule (origin of the coordinate as shown in Figure 1). The third term in eq 12 and last 
three terms in eq 13 are caused by phase differences between the fields scattered by the 
molecule and NP multiple moments. They are added to achieve the origin-independence of 
our theory. 
Inserting eqs 4-5 into eqs 11-13 and using the expressions for the multipole radiation 
fields to get  sa p   and  sa pm  , the total multipoles can be evaluated. The concrete 
expressions are provided in the Supporting Information 1. 
Based on the above analysis, we calculate the ROA intensity for the incident circular 
polarization experimental setup (SEICP-ROA), which is given by2-5,28 
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where D  denotes whether the incident wave is right (R) or left (L) handed, 0   when
= RD  , 1    when = LD  ,  
2
2
08 /r pK      with 0   being the vacuum 
permeability, k is the wave vector in the embedded medium and dR is the distance between 
the detector and the origin of the coordinate. 
pK  is a normalizing factor which is defined 
as30,31 
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where 0   and p   are the absolute wave-number of the incident light and the 
thp   
vibrational mode, respectively, T  is temperature (298K), 0  , c  , Bk   and h   are the 
universal physical constants. In eq15, 
, ,rad t aE  is the Raman scattering electric field, which 
is given by 
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where  (1) , , ,rad t aE  D  is a linear function of   , while  (2) , , ,rad t aE G D  and  (2) , , ,rad t aE A D  
relate only with dynamic molecular response tensors G   and A  , respectively. Their 
expressions are very complex, which are given in Supporting Information 2. In fact, 
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products of molecular response tensors. Usually in order to guarantee the chiral selectivity 
of the ROA spectrum, ( )p
SEICP ROAI
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
 should vanish in the ROA signal, which can be 
accomplished by taking orientation averages over directions of incident waves and 
detectors.26,27 Resonant or near resonant molecules with asymmetric   response tensors 
are exceptions,45 which are beyond the discussion of our work. Thus,  
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Here M  represents either G  or A , and the bar above ‘ I ’ indicates that the average is 
taken over the solid angle of the incident field as denoted by ‘

   ’ on the right side of 
the equation.  (1) , , ,rad t aE  D ,  (2) , ,rad t aE G ,D  and  (2) , , ,rad t aE A D  should be evaluated at the 
position of the detector which is put at infinity being opposite with the propagating 
direction of the incident wave.  
The expressions of  (1) , , ,rad t aE  D  ,  (2) , ,rad t aE G ,D   and  (2) , , ,rad t aE A D   include many 
terms, which are given in the Supporting Information 2. We systematically analyzed the 
orders of their magnitudes (see Supporting Information 3 for more details of analyses). 
This has been done by, firstly, substituting the expression of each term with some simple 
variables which have the same order of magnitude. Later, these terms are classified by their 
orders of magnitudes. Terms with the leading order are / sR  times larger than those with 
the second leading order, and the sequence goes on. Since the multiplication between two 
leading order terms are zero due to the orientation averaging of the incident waves,23 the 
product from the multiplication between the leading order term and the second leading 
order terms become the maximum in these expressions, they are far greater than any other 
products. Thus, we take these terms and the SEROA scales as 
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to the electric and magnetic dipole responses of the NP. The 0d  denotes a length on the 
order of molecular dimensions. In deriving eq 19, the retardation of the plane wave and the 
phase differences between the fields scattered by the NP and molecule are ignored. A 
discussion on the influence of these effects is provided in the Supporting Information 4. 
The term including mS in eq 19 indicates that the SEROA is strongly enhanced by the 
magnetic dipole response of the NP. If mS  is larger than 1, the SEROA signal is supposed 
to be much stronger than that enhanced by a traditional plasmonic NP with only the electric 
dipole response. Our theory, thus, predicts that the ROA signal can be significantly 
amplified by nano structures with the strong magnetic response, like split ring, nano bowl 
or Raspberry-like metamolecule.36,46,47 This is one of main contributions of this work. 
Here it’s worth noting that even though both ( )p G
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to the magnetic dipole response of the NP, different mechanisms should be assigned in 
interpreting origins of the phenomenon. The enhancement of ( )p GSEICP ROAI

  caused by the 
magnetic dipole response of the NP can be modeled as a sum of two effects: large magnetic 
field concentration at the position of the molecule and radiation enhancement of the 
magnetic dipole moment of the molecule. On the other hand, the amplification of ( )p A
SEICP ROAI


 
by the magnetic dipole response of the NP should be understood as the symmetry breaking 
of the electric field from the incidental wave and the radiated field from the molecular 
electric dipole and electric quadrupole. The detailed discussions have been provided in 
Supporting Information 3. Furthermore, it’s also worth to note that, although large 
( )p G
SEICP ROAI

  caused by the magnetic response of the NP can be well predicted within the 
quasistatic approximation, the evaluation of 
( )p A
SEICP ROAI

  relies on the electric fields scattered 
by the magnetic dipoles of the NP and the molecule, which are proportional to 1 20/ r , as 
can be seen from eq 6. 
 
III. NUMERICAL RESULTS AND DISCUSSION 
A. Enhanced SEROA of the Chiral Molecules by Various Kinds of Dipolar NPs. In 
order to test the above analyses, we perform numerical calculations of the back-scattering 
ROA and Raman intensities of the chiral molecules ((+)-(R)-methyloxirane) enhanced by 
various kinds of dipolar NPs using the expressions derived above. The orientation 
averaging in eq 18 is performed numerically to take the retardation effect of the plane wave 
into account, rather than using the analytical formulas in ref 2. The parameters  , 'G  and 
A  for molecular response tensors are calculated using a development version of Gaussian 
at the excitation frequency of 510nm.48,49 The geometry of methyloxirane is optimized at 
the B3LYP/aug-cc-pvTV computation level, which has been used by previous works.50 
Using the optimized ground state of the molecule, the response tensors were calculated 
using the same basis. Throughout the article, these molecular response tensors are 
evaluated with respect to the coordinate origin. This guarantees that the fields described in 
eqs 6 and 7 and molecular multipoles are evaluated at a common origin, which is essential 
in achieving the origin-invariance of the calculated ROA signal.51 
Note the chemical effects of the surface molecule are ignored in our model,29,30 
because the present work focuses on investigating various EM enhancement mechanisms 
of the SEROA rather than making quantitative comparison with experiments. In this paper, 
we limit our concentration on the nonadsorbed situation where the molecule may bind in 
any orientation with respect to the surface of the NP with the equal probability, and an 
average over the molecular rotation is performed throughout the text.  
 
Figure 2. (a) G    components of ROA and SEROA spectra (  
( )p G
SE ICP ROA
I 

 ). (b) A 
components of ROA and SEROA spectra (  
( )p A
SE ICP ROA
I 

 ). (c) Raman and SERS spectra 
(  
( )p
SE RS
I ). (d) Dimensionless (surface enhanced) circular intensity difference. Spectra are 
shown for (+)-(R)-methyloxirane on the NP with electric dipole response (ED), electric 
and magnetic dipole responses (ED+MD) or magnetic response (MD). Distances between 
the molecules and the centerof the NP are set to be 11nm. Spectra for pure (R)-(+)-
methyloxirane are shown as red lines for comparison. All the systems presented in figures 
are excited at the wavelength of 510nm. The spectra have been broadened by a Lorentzian 
with a full-width at half-maximum (fwhm) of 150cm .  
 
Figures 2a and b show calculated results for  
( )p G
SE ICP ROA
I 

 and  
( )p A
SE ICP ROA
I 

 as functions 
of Raman shift, respectively. A molecule is put 11nm ( 0 11r nm ) away from the center of 
the NP as illustrated in Figure 1. The red dotted lines represent the case of the NP with only 
electric dipole response (ED). Here the electric dipole polarizability of the NP is set to be 
equal with that of an Au NP which has a radius of 10nm, while the magnetic dipole 
polarizability is presumed to be zero. The electric dipole polarizability is calculated using 
the refraction indices of Au given in ref 52. The blue lines correspond to the case of the NP 
with both electric and magnetic dipole responses (ED+MD). Here the magnetic response 
of the NP is set to give a mS   equal with eS  . Comparing them, we find that two 
components of the SEROA signal (  
( )p G
SE ICP ROA
I 
  and  
( )p A
SE ICP ROA
I 
 ) can be improved largely 
when magnetic dipole responses are considered. For example, the ROA signal 
( )p G
SEICP ROAI

  is 
improved around 5 times, while  
( )p A
SE ICP ROA
I 
  is enhanced by a factor of 9 at 842cm
-1. 
According to eq 19, the SEROA signal is proportional to the mS . Thus, a strong ROA 
signal can be obtained by setting a larger mS . 
In fact, such a phenomenon is the result of combined action of ED and MD. If the NP 
has only magnetic dipole response and the electric dipole response is set to be zero, the 
results are described by blue dotted lines (MD). The red solid lines in Figures 2a and b 
show ( )p G
ICP ROAI


 and ( )p A
ICP ROAI


 for pure molecules in the free space. By comparison, we find 
that there is no improvement for two components of the ROA in such a case.  
In addition to the ROA, one of key variable is the dimensionless circular intensity 
difference (CID) introduced by Barron and Buckingham of which the expression is2-5 
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This variable characterizes the signal-to-background ratio of the measured system and 
determines the smallest ROA signal worth pursuing. If the value of SE  is too small, the 
SEROA signal is very likely to be covered by the noise caused by the experiment setup.  
Figures 2c and d show the ( )p
SERSI  and the circular intensity differences SE  for the 
systems discussed above as a function of Raman shift, respectively. Four kinds of case, ED 
(red dotted line), MD (blue dotted line), ED and MD (blue solid line), pure molecule (red 
solid line), have been considered. Comparing them, one finds ( )p
SERSI  is nearly independent 
on the magnetic dipole response of the NP. Because the magnetic dipolar response of the 
NP can greatly enhance the ROA signal while keeping the parenting Raman signal 
unchanged, SE  for the NP with magnetic responses is much larger than those possessing 
only electric dipole responses. As illustrated in Figure 2d, SE  for the ‘ED+MD’ NP is 
around 5 times larger than that of the ‘ED’ NP. This is beneficial for the experiment 
realizations of the SEROA which are always plagued by the intrinsic low signal-to-
background ratio.11 
B. SEROA by a Si Nano Sphere. In the above parts, we concentrate our discussions on 
the SEROA by a deep subwavelength NP. It has been proved analytically that an enhanced 
ROA signal with a large circular intensity difference SE  can be obtained by the NP with 
the magnetic dipole response. In this part, we study the SEROA by a Si NP, which have 
been shown both theoretically and experimentally to possess a strong magnetic dipolar 
response in the optical frequency.37,38 Such a strong magnetic response is caused by the 
curl of intense displacement current induced by the external electromagnetic radiation, 
when the size of the particle is comparable to the effective wavelength in the dielectric 
material. Figure 3a describes the extinction spectrum (black lines), as well as the partial 
contributions from all kinds of multipoles for a Si NP with radius Rs=65nm. The blue line, 
red line and green line correspond to the electric dipole (ED), magnetic dipole (MD) and 
magnetic quadrupole (MQ) contributions of extinction, respectively. For comparison, 
corresponding results for an Au NP with Rs=65nm have also been plotted in Figure 3b. 
Refraction indices used in the calculation are taken from ref 53 for Si and ref 52 for Au. 
 Figure 3. (a) Extinction cross section and its multipole decompositions for the Si NP with 
radiusRs=65nm.(b) The corresponding results for the Au NP. Spatial profiles of electric (c) 
and magnetic (e) field amplitudes for the Si NP with Rs=65nm at the wavelength of 549nm. 
The corresponding spatial profiles for the Au NP at the wavelength of 537.6nm are given 
by (d) and (f), respectively. The NPs are excited by X-polarized plane waves. 
 
It can be seen clearly that a strong resonance peak in the extinction spectrum of the Si 
NP appears around the wavelength of 549nm, which is in contrast to the case for the Au 
NP. Such a peak is dominated by the magnetic dipole resonance of the Si NP, which makes 
it a good candidate for the SEROA according to the discussions in the part II. In order to 
disclose the phenomenon further, the near-field amplitude maps for Si and Au NPs with 
Rs=65nm excited by x-polarized plane waves propagating in the z direction are plotted in 
Figures 3c-f. Figures 3c and e exhibit distributions of electric and magnetic fields for the 
Si NP with Rs=65nm at the wavelength of 549nm. The electric field profile (Figure 3c) 
shows two-lobe distribution which is a typical character of the electric dipole mode. 
Besides, one can observe two circular electric field concentration regions inside the sphere, 
which signifies that a magnetic dipole along the y direction is induced. Due to the existence 
of the magnetic dipole resonance, the magnetic field is strongly concentrated inside and 
near the NP as shown in Figure 3e. According to the theory described in part II, the 
concentration of both electric and magnetic fields inside the Si NP may lead to a larger 
( )p G
SEICP ROAI


 . In contrast, the magnetic dipole excitation for the Au NP at the resonance 
wavelength of 537.6nm is very weak and the concentration of the magnetic field inside the 
Au NP is almost zero as shown in Figure 3f, although the electric dipole resonance is very 
strong as shown in Figure 3d.  
 
 Figure 4. Spectra for (R)-CHFClBr enhanced by a Si sphere with Rs=65nm (grey lines) 
and an Au sphere with Rs=65nm (orange lines). Distances between the molecules and the 
surface of the NP are set to be 1nm.(a) Mode averaged G   components of ROA and 
SEROA spectra (  
G
SE ICP ROA
I 

). (b) Mode averaged A  components of ROA and SEROA 
spectra (  
A
SE ICP ROA
I 

). (c) Mode averaged surface enhanced or unenhanced Raman scattering 
intensities (  SE RSI ). (d) Mode averaged circular intensity difference  SE . The red lines 
in (a)-(c) represent the results without the NP, which is multiplied by an amplification factor 
5. 
   
In Figures 4a and b, we present the comparison of the calculated results of mode 
averaged G   and A   components of the ROA for a chiral molecule (R)-CHFClBr near 
Si and Au NPs with Rs=65nm. Distance between the molecule and the center of the NP is 
set as 66nm. The mode averaged G   and A   components of (surface enhanced) ROA 
are defined as 
   
( )G p G
SE ICP ROA SE ICP ROAp
I I 
 
                                (22) 
   
( )A p A
SE ICP ROA SE ICP ROAp
I I 
 
                                (23) 
where the contributions of all modes are taken into account. Then 
   
( )p
SE ICP ROA SE ICP ROAp
I I
 
                               (24) 
   
( )p
SE RS SE RSp
I I                                       (25) 
Here  SE ICP ROAI   and  SE RSI  represent mode averaged SEROA and SERS, respectively. 
We can also define the difference of the mode averaged circular intensity as 
 
 
 
SE IC P R O A
SE
SE R S
I
I

                                     (26) 
Similar to SE ,  SE can also be used to characterize the signal-to-background ratio in the 
ROA experiment.  
The results have been obtained by using an extended Mie scattering theory.26,27 The 
parameters of Si and Au NPs are taken identical with those in Figure 3. The wavelength 
dependent molecular response tensors   , 'G   and A  are obtained from B3YLYP/6-
31G** calculations at various excitation frequencies (from 450nm to 800nm).49 The grey 
and orange lines correspond to the results for the Si and Au NPs, respectively. Signals for 
pure molecule are also presented as red lines for comparison. A strong resonance 
improvement of both  
G
SE ICP ROA
I 

 and  
A
SE ICP ROA
I 

 appears around the magnetic dipole 
resonance wavelength of 549nm for the Si NP. In such a case, G
SEICP ROAI


 for the Si NP is 
around 5 times larger than that for the Au NP, while the value of A
SEICP ROAI


 is about 3 times 
larger. 
The corresponding results for  SE RSI  and  SE   are shown in Figures 4c and d, 
respectively. The enhancement factors for the SERS are on the order of 210  which are 
identical with the experimental results.54 In contrast to the deep subwavelength NP 
discussed in Figure 2, both electric and magnetic dipole response peaks can be observed in 
the spectrum of the Si NP. However, the SERS enhancement factor for the Si NP is still 
about 2 times smaller than that for the Au NP at the magnetic dipole response peak (549nm). 
Thus, it can be expected the circular intensity difference for the Si NP will be much larger 
than that for the Au NP. From Figure 4d, one can find the  SE  for the Si NP is close to 
that of pure molecule at the wavelength of the magnetic dipole resonance and is 10 times 
larger than that of the Au NP.  
 
 
Figure 5. The corresponding far field radiation patterns    
2
/
lim
ED MD
r rE r  for electric 
(a-c) and magnetic (b-d) dipoles. (a), (b), (d) and (e) represent the results for the Si sphere 
with Rs=65nm when the dipole is put away 1nm from the surface of the sphere. (c) and (f) 
are the corresponding case for the dipole without the NP. (a) and (d) represent directions of 
the dipole perpendicular to the surface of the Si NP, (b) and (e) correspond to the case 
parallel with the surface. The dipoles radiate at the wavelength of 549nm. 
 
The Si NP not only causes the magnetic field from the incidental wave to strongly 
concentrate at the position of the molecule, but also has a strong impact on the molecular 
electric and magnetic dipole radiations. According to the discussions above, large G   
components of the SEROA may be caused by enhancements of both electric and magnetic 
dipole radiations of the molecule. Figure 5 shows angular distributions of the scattering 
field intensity (    
2
/
lim
ED MD
r rE r ) for electric and magnetic dipoles. Figure 5a is the 
case when an electric dipole is put 66nm away from the center of a 65nm Si NP. The 
direction of the dipole is set to be perpendicular with the symmetry axis of the NP. Figure 
5b is same with Figure 5a, but the dipole is parallel with the axis. The corresponding results 
for the electric dipole radiation in the absence of NP is presented in Figure 5c. Figures 5d-
f are arranged analogous to Figures 5a-c, but the electric dipoles are substituted by 
magnetic dipoles. The dipoles are radiated at the wavelength of 549nm.  
Comparing Figures 5a-b with Figure 5c, one can find the radiation intensity of the 
electric dipole is enhanced by a factor of ~2. On the other hand, from Figure 5d-f, radiation 
intensities of the magnetic dipole are amplified by a factor close to 2 for the perpendicular 
case and 4 for the parallel case.  
 
Figure 6.The corresponding results with Figure 5 but the Si NPs are substituted by Au 
NPs, and the dipoles radiate at the wavelength of 537.6nm. 
 
In order to make comparison, the radiation patterns for dipoles being put near the 
surface of the Au NP are also plotted in Figure 6. Figure 6 is arranged the same to Figure 
5, but the Si NP is substituted by the corresponding Au NP and the wavelength of the dipole 
radiation is 537.6nm. As can be found from Figures 6b and c, the radiation from the electric 
dipole parallel with the symmetry axis (Figure 6b) are significantly enhanced by the Au 
NP. The enhancement factor can be as large as 10. Comparing Figures 6d and e with Figure 
6f, the radiation intensity is only enhanced when the magnetic dipole is perpendicular with 
the symmetry axis of the NP. When the magnetic dipole is set to be parallel with the norm 
of the sphere surface, the effect of the NP can even be ignored. Such a nonuniform 
enhancement of electric and magnetic dipole radiations for the molecule explains why the 
Au NP is inferior in enhancing the ROA. 
In addition, the improvement of  
A
SE ICP ROA
I 

 as shown in Figure 4b originates from 
the symmetry breaking caused by the magnetic dipole response of the Si NP, which can not 
be explained as larger electric field gradient or enhanced molecular quadrupole radiation 
(the detailed numerical verification is given in Supporting Information 5). 
 
 
Figure 7. (a), (e) and (i) describe G contributions to the SEROA ( GSEICP ROAI


) at d=8nm, 
4nm and 2nm, respectively; The corresponding A  contributions to the SEROA 
( A
SEICP ROAI


) are given in (b), (f) and (j). (c), (g) and (k) correspond to the surface enhanced 
Raman scattering intensity (
SERSI ); The corresponding surface enhanced mode averaged 
circular intensity differences ( SE ) are described by (d), (h) and (l). Grey lines correspond 
to a Si dimer with NPs of Rs=65nm. Orange lines to the corresponding Au dimer. The other 
parameters are identical with those in Figure 4.  
C. SEROA by the Hotspots in the Si Dimer. In this part, we discuss the SEROA of a 
chiral molecule ((R)-CHFClBr) when it is put in the hotspots of a Si NP dimer with various 
separation distances.55-58 The grey solid lines in Figure 7 present the calculated results for 
these cases. For comparison, the calculated results for the Au NP dimer are described by 
the orange lines. Here the parameters and sizes of Si and Au spheres are taken identical 
with those in Figure 4. Figures 7a-d correspond to the case with the separation distance 
between two spheres d=8nm, Figures 7e-h to that with d=4nm, and Figures 7i-l to that with 
d=2nm. Comparing Figures 7a and b with Figures 4a and b, one can find both 
( )p G
SEICP ROAI

  
and 
( )p A
SEICP ROAI

  are significantly enhanced in the present case. For example, the value of 
( )p G
SEICP ROAI

  for the Si dimer at the peak is improved by a factor around 40 compared with that 
of the single Si NP. With the decrease of the separation distance, both 
( )p G
SEICP ROAI

  and 
 
( )p A
SE ICP ROA
I 
  increase rapidly. For instance, the peak value of 
( )p G
SEICP ROAI

  for the Si dimer with 
d=4nm is 4.5 times larger than that with d=8nm.  
In fact, the increases of 
( )p G
SEICP ROAI

  and  
( )p A
SE ICP ROA
I 
  for the Au NP dimer are faster than 
those of the Si NP dimer with the decrease of the separation distance due to the strong field 
focusing effect in the hotspots. When d=8nm, the peak values of 
( )p G
SEICP ROAI

  and  
( )p A
SE ICP ROA
I 

for the Au dimer are smaller than those for the Si dimer. However, these values for the Au 
dimer are much larger than those for the Si dimer at d=2nm. At the same time, from Figure 
7c, g and k, we find that the SERS for the Au dimer also becomes larger with the decrease 
of the separation distance, which results in that the mode averaged circular intensity 
difference (
SE ) for the Au dimeris always smaller than that of the Si dimer.  
From Figure 7(d) and (h), it can be seen that the values of 
SE  at peaks (570nm) of
( )p G
SEICP ROAI

  and  
( )p A
SE ICP ROA
I 
  for the Si dimers are about 30 times larger than those of the Au 
dimers (peaks at the wavelength of 550nm). With the decreasing of the separation distance, 
the phenomenon becomes more remarkable. For example, the 
SE  for the Si dimer is 60 
times larger than that of Au dimer at the wavelength of 570nm (peak of SEROA for both 
Au and Si dimer) as shown in Figure 7l. This means that the signal-to-background ratio for 
the Si structure is much larger than that of the Au dimer. Thus, it is very advantageous to 
use the present Si structure to observe the SEROA signal. Recently, some clusters of gold 
nanospheres, i.e. the dimers/trimers/tetramers, were fabricated successfully by using 
cysteine chiral molecules as linkers at the hotspots.59 We expect the present Si clusters with 
molecules can be fabricated and the phenomena can be observed experimentally in the 
future. 
 
Conclusion 
In conclusion, we have demonstrated analytically and numerically that the SEROA signal 
of chiral molecules can be strongly enhanced by NPs with the strong magnetic dipole 
response. Furthermore, the ROA to Raman ratio of the SEROA enhanced by NPs with 
strong magnetic response are much larger than that of plasmonic NPs. Different mechanics 
are assigned to the enhancements of G   and A   parts of SEROA signals. The former 
is enhanced due to the larger magnetic field at the position of molecule and the radiation 
enhancement of the magnetic dipole while the latter is amplified by the symmetry breaking 
introduced by the magnetic dipole response of the NP. We have taken Si and Au NPs as 
examples and found that the SEROA signal of the Si NP can be ~5 times larger than that 
of the Au NP, while CID can be improved by a factor of ~10. At last, we have studied the 
dimer systems formed by Au and Si NPs. We have calculated the SEROA for cases when 
the chiral molecules are put at the hotspots of the dimers. Although the SEROA signal of 
the Si dimer is close to that of the Au dimer, the ROA to Raman ratio is about 60 times 
larger. It is very beneficial for observing the SEROA signal to use the present Si structures.  
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